BACKGROUND Comprehensive information regarding causes of late post-operative death following pediatric
T he first pediatric cardiac surgery in Finland was performed in 1953. Since then, >13,000 patients have undergone >16,000 operations in Finland. Data on all operations and patients are stored in a nation-wide pediatric cardiac surgical database. We previously found that the life expectancy of patients after congenital cardiac surgery remained lower than the general population, despite significant improvements in both early and late results (1) . This was particularly true among patients with severe cardiac defects such as tetralogy of Fallot (TOF), transposition of the great arteries (TGA), hypoplastic left heart syndrome (HLHS), and univentricular heart (UVH) (1) .
Patients with congenital cardiac defects often require extensive long-term follow-up, and information about the causes of death among these patients may improve their clinical management during follow-up. However, a limited number of studies exist on this subject. In this study, we investigated the nationwide causes of patient deaths up to 60 years after their first cardiac operation, and compared them to deaths in the general population to identify areas that require special attention during the long term.
METHODS

The Finnish Ministry of Social Affairs and
Health granted permission for this study, and the ethical committee approved the research protocol. We further categorized all CHD-related deaths into heart failures, sudden deaths, post-reoperative early deaths (<30 days), and cardiovascular deaths according to a previous classification system (2). Sudden deaths included all unwitnessed deaths that occurred during sleep and cardiovascular-related deaths occurring within 1 h of onset (or the significant worsening) of symptoms. Post-reoperative early death spanned all early operative deaths (within 30 days) after the patients' subsequent reinterventions.
We classified the remaining causes of death not covered by other classes as cardiovascular.
We compared survival and the incidence of different CHD-related deaths by decade of operation to assess advances in late surgical outcome. Due to the small number of patients undergoing surgery for HLHS before the 1990s, we excluded such cases from the comparison of time periods.
Statistics Finland supplied us with 4 age-, sex-, time of birth-, and hospital district-matched control subjects from the general population for each study patient. We then compared the modes of non-CHDrelated deaths of study patients to those among the general population, presenting results as rate ratios (RRs).
STATISTICS. We analyzed mortality by Poisson regression models utilizing a Lexis-type data structure with 3 time scales, vis-à-vis age, calendar year, and time since surgery (3). We report RRs on the basis of the Poisson regression with 95% confidence intervals (CIs). In the estimation of hazard rate curves, we used splines to produce smoothed curves with a 
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A U G U S T 2 , 2 0 1 6 : 4 8 7 -9 8 RESULTS PATIENTS. A total of 10,964 patients underwent 14,079 operations between 1953 and 2009. Follow-up ended prematurely for 177 patients (1.6%) who emigrated, and we excluded 95 patients (0.9%) from the study due to incomplete follow-up data, resulting in a total follow-up coverage of 97.5% (n ¼ 10,692).
Male patients dominated the study population across all groups, except PDA and ASD ( Table 1) .
MORTALITY. Early mortality (<30 days) occurred in 5.6% (n ¼ 613) of the study population, and was greatest among patients with severe cardiac defects including TOF, TGA, HLHS, and UVH ( Table 2 ).
Late mortality reached 10.4% (n ¼ 1,129) among the entire study population ( CAUSES OF CHD-RELATED DEATHS. Collectively, 721 patients (6.6%) died due to CHD-related causes.
The cause of CHD-related death was identified for all but 7 patients. The majority of deaths among patients with PDA, ASD, and COA were unrelated to their cardiac defect, whereas patients with TOF, TGA, UVH, and HLHS died more often as a result of CHD-related issues ( Figure 1A) .
The 40-year freedom from fatal heart failure was 98% after surgery for simple defects and 89% after surgery for severe defects (severe vs. simple HR: 1.6; 95% CI: 1.5 to 1.7; p < 0.0001), with an increase in 20-year survival from 92% (95% CI: 90% to 94%) to 96% (95% CI: 95% to 97%) for severe defects operated on from 1953 to 1989 and 1990 to 2009, respectively.
Heart failure was the leading cause of CHD-related death among the majority of defect groups, occurring at a mean of 14 AE 16 years of age (Table 3, Figure 1B ). We found a bimodal distribution for the hazard for fatal heart failure among all defect groups undergoing surgery between 1953 and 1989, with higher rates for severe cardiac defects (Tables 3 and 4, Figure 2 ). For patients with VSD and TGA undergoing operations between 1990 and 2009, however, the incidence and hazard for fatal heart failure diminished significantly, particularly late after surgery (Table 3, Figure 2 ). Fifty-two patients (17% of all fatal heart failures) that died due to heart failure were diagnosed with pulmonary hypertension and died on average 8 years (range of age at death: 0.1 to 48.7 years) after their first operation. Values are n, n (%), or mean AE SD. *In years. †In days (mean) and years (SD).
ASD ¼ atrial septal defect; COA ¼ coarctation of the aorta; HLHS ¼ hypoplastic left heart syndrome; Misc ¼ miscellaneous; PDA ¼ patent ductus arteriosus; TGA ¼ transposition of the great arteries; TOF ¼ tetralogy of Fallot; UVH ¼ univentricular heart; VSD ¼ ventricular septal defect.
The 40-year freedom from sudden death was 99% (95% CI: 98.5% to 99.5%) after surgery for simple defects and 91% (95% CI: 90% to 92%) after surgery for severe defects (severe vs. simple HR: 9.9; 95% CI: Table 4) , with myocardial infarction ranking second (10 deaths, 11%) ( Table 4) , with a higher incidence among patients with severe cardiac defects. Nine patients that died due to cardiovascular reasons suffered from pulmonary hypertension, 5 of which died due to cerebral infarction.
CAUSES OF NON-CHD-RELATED DEATHS.
In total, 408 patients (4%) died due to non-CHD-related causes. The most common mode of known non-CHDrelated death was respiratory disease (n ¼ 56) (Online Table 1 ), specifically pneumonia (n ¼ 41). More than one-half of all deaths due to pneumonia occurred among patients with a mental disability (n ¼ 23; 56% of all pneumonia deaths). The rate of respiratory disease among the study population was significantly higher than that among the general population (RR: 11.00; 95% CI: 6.7 to 17.0; p < 0.0001) ( Figure 3A) . This held to 888.6; p < 0.0001 for both, respectively) ( Figure 3B ).
Patients died significantly more often due to neurological and infectious diseases than the general population (neurological disease RR: 3.72; 95% CI: 2.6 to 5.4; infectious disease RR: 6.47; 95% CI: 2.6 to 16.1; p < 0.0001 for both) ( Figure 3A) . However, for infectious diseases, the statistical significance diminished when comparing early and late time periods Values are n, n (%), Poisson regression incidence (95% confidence interval) AE SE, or mean AE SD.
PY ¼ person-years; other abbreviations as in Table 1 .
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Causes of Late Death After Pediatric Cardiac Surgery respectively to the general population matched for time ( Figure 3B ). Cerebral hemorrhage (n ¼ 14) and epilepsy (n ¼ 8) represented the 2 most common modes of neurological death (Online Table 1 ). Also, deaths due to neoplasm were more common among study patients compared to the general population, Figure 1) . Moreover, alcoholrelated deaths were more common among the Table 1 ).
DISCUSSION
In this study, we adopted a population-based approach As expected, patients with severe cardiac defects were on average younger at the time of death compared to those with simple defects. Compared to the often single-staged correction of simple defects, surgically staged palliation or correction of severe cardiac defects places greater strain on the heart, and predisposes patients to operative death after subsequent reinterventions or early cardiovascular deaths.
CHD-RELATED DEATHS. Nearly one-fifth of patients who died due to heart failure suffered from pulmonary hypertension. The link between persistent postoperative pulmonary hypertension and mortality has previously been described (5, 6) . However, the incidence of fatal heart failure decreased among all patients undergoing surgery between 1990 and 2009.
This finding was most notable among patients operated on for TGA, owing mostly to the shift from the Mustard and Senning procedures to the arterial switch operation (ASO) to correct TGA in the 1990s (7, 8) .
Heart failure also markedly decreased among patients receiving surgery for VSD. In fact, VSD patients emerged as the only group of patients witnessing a significant reduction in all CHD-related deaths during the later time period. Earlier intervention has led to a decline in the incidence of pulmonary hypertension among these patients, whereby the occurrence of late heart failure has diminished.
Patients in all defect groups who underwent surgery from 1953 to 1989 experienced a bimodal hazard for fatal heart failure after their first operation. The CHD ¼ congenital heart defect; other abbreviations as in Tables 1 and 2 .
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Causes of Late Death After Pediatric Cardiac Surgery risk for fatal heart failure was collectively highest 40 years after the surgery and lowest about 15 to 20 years post-operatively. This is largely due to the natural progression of heart failure, as scar tissue, small residual defects, or even a slightly high pulmonary pressure strain the surgical heart faster than a normal healthy heart. Furthermore, age-related increases in the incidence of hypertension and arteriosclerosis contribute to an increased mortality among older Values are n. Tables 1 and 3 .
Abbreviations as in
Raissadati et al. We compared patients undergoing surgery during 1953 to 1989 and 1990 to 2009, the early and late time periods, to determine the change in the hazard rate for death. n ¼ number of patients in each defect group and era of operation, excluding early mortality (<30 days) and emigrated patients. CHD ¼ congenital heart defect; CI ¼ confidence interval; HR ¼ hazard ratio.
Causes of Late Death After Pediatric Cardiac Surgery contrast, the incidence of sudden death among surgical patients for TGA decreased to zero between 1990 and 2009, attributed mainly to the increasing employment of the atrium-sparing ASO technique (8, (11) (12) (13) . Aortic stenosis represents a common comorbidity among patients with COA, especially among patients with a bicuspid aortic valve (14, 15) .
We found a similar trend in our study, with one-third of patients that underwent surgery for COA experiencing aortic stenosis at the time of sudden death.
Recurrent post-operative hypertension commonly occurs among patients undergoing surgery for COA, which stands as a major risk factor for aortic rupture/ dissection, the most common reason for sudden death among such patients in our study (14, 15) . 
A B
Rate ratio (RR) (A) for all patients and (B) by decade. We compared the rate of death for each patient to 4 age-, sex-, and time-matched control subjects from the general population from the corresponding operative time period. CHD ¼ congenital heart defect; CI ¼ confidence interval.
case in our study, because only 2 patients undergoing surgery for TGA after ASO died due to myocardial infarction. Coronary artery-related complications, however, may occur during the immediate postoperative period after ASO (17, (19) (20) (21) . In our study, 
CONCLUSIONS
The number of late CHD-related deaths decreased among patients undergoing surgery for congenital cardiac defects. The risk of late sudden death among surgical patients during the later study time period decreased to zero among patients with ASD, VSD, TOF, and TGA, but remained an ongoing challenge among patients undergoing surgery for UVH. Late heart failure also decreased substantially, presenting a minimal risk among patients with simple cardiac defects. Patients undergoing surgery for severe cardiac defects remain at risk for late heart failure, warranting intensive follow-up decades after surgery.
Respiratory disease, particularly pneumonia, remains a significant cause of non-CHD-related death among patients, and should be identified and treated in a timely manner. Raissadati et al.
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